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Abstract—This paper presents a detailed series of measure-
ments and modeled results that demonstrate rugged switching in
a full-band tunable laser between stable, wavelength locked ITU
frequencies. During switching a monolithically integrated optical
amplifier has been used as a shutter to achieve greater than 40 dB
attenuation whilst the wavelength is being tuned. The interactions
between the thermal distribution down the laser and the induced
frequency deviations are investigated, and the residual frequency
deviation of 5 GHz is shown to be predominately thermal.
Index Terms—Laser tuning, semiconductor lasers, semicon-
ductor optical amplifiers (SOA).
I. INTRODUCTION
RECONFIGURABLE optical networks are one way toexploit the full capacity of the optical fiber in order to
meet the ever growing demand for bandwidth. Currently, tun-
able lasers are primarily being used in networks for inventory
and wavelength sparing, and are only rarely used for dynamic
reconfiguration. However, dynamic wavelength provisioning
will become a key requirement in future systems for channel
restoration, reconfiguration and protection. Reconfigurable
systems will simplify wavelength planning, thereby providing
cost-effective networks that can respond to capacity on demand.
The physical laser parameters that are important for net-
work scalability are tuning range, wavelength stability, power,
side-mode suppression ratio (SMSR), linewidth and the
channel switching time. The present channel restoration time in
SDH/SONET networks is 50 ms, hence a channel switching
time of 10 ms for the laser is desirable. Although nanosecond
switching times have been demonstrated in distributed Bragg
reflector (DBR) lasers [1]–[3], these probe only the intrinsic
behavior of the laser, which is determined by the carrier lifetime
in the tuning sections. It is important however, to consider the
time it takes for the laser to switch to a transmittable channel
where the wavelength is locked and will remain stable over
device lifetime. This is largely dominated by the thermal time
constants of the laser and the package. In addition, evidence
of mode competition has been shown even at nanosecond time
scales during a switching event [4].
Both the excitation of the intermediate modes and the thermal
frequency deviation may give rise to cross-talk with other trans-
mitting channels, instigating bit error rate (BER) penalties in
a wavelength division multiplexed (WDM) system. In a 10
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Fig. 1. Plan view of a DS-DBR-SOA chip with front grating contacts
numbered.
Gbit/s WDM system, with 50 GHz channel spacing, a typical
requirement is that the frequency deviation during a switching
event lies within 10 GHz at low power and 2.5 GHz within
3 dB of rated channel power. In this paper, channel to channel
switching of a digital supermode (DS) DBR laser is presented,
where the cross-talk due to the excitation of the intermediate
modes is blocked by shuttering the output during channel
switching with the monolithically integrated semiconductor op-
tical amplifier (SOA) section [5], [6]. A front-facet wavelength
locker has been used within the wavelength switching loop
to eliminate the wavelength error originated from the thermal
coupling between the SOA and the laser cavity.
Fig. 1 shows the plan view of the DS-DBR laser. The laser
and its principle of operation are described in detail in [5]. In
essence, it is a four-section laser with a 300- m-long chirped
front grating, rear phase grating with seven reflection peaks,
equally spaced and of equal strength [7], 500— m gain section
and a 125- m phase section. A semiconductor optical ampli-
fier (SOA) section is integrated in front of the laser to boost the
power by 3–4 dB [5], [6]. Eight short contacts are placed on top
of the front chirped grating in order to enhance reflection at dif-
ferent wavelengths to cover either the full or band. This
reflection enhancement provides a coarse wavelength tuning,
while the lasing wavelength is determined by one of the sharp
rear reflection peaks. The device is calibrated by injecting cur-
rents into two of the eight front grating contacts at a time in a
controlled way in line with the tuning of the rear grating. This
enables the front and the rear peaks to be tracked together as
they are tuned across the band, mimicking a three-section laser
behavior with a relatively simple calibration routine. A key dis-
tinction between this device and some of the other widely tun-
able lasers is its low front tuning grating currents, which are ben-
eficial in terms of thermal drifts seen during channel switching.
0018-9197/$20.00 © 2006 IEEE
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In addition, a small frequency deviation, seen when the SOA
is switched on and off, is due to the fact that the SOA couples
thermally more strongly to the front gratings than the rest of the
chip, and the frequency selection in a DS-DBR laser is relatively
insensitive to the front grating. Hence, the frequency deviation
that is seen is mainly from the effective cavity mode shift due
to the temperature rise in the lasing cavity.
The laser is packaged into a standard 26-pin butterfly module,
which contains a front facet wavelength locker, fiber-coupling
optics and isolators. The thermal design of the laser package it-
self is important in minimizing the thermal frequency deviation
during channel switching. The chip is mounted on to an alu-
minum nitride carrier and the carrier is epoxy-bonded to a highly
thermally conductive top plate that is in turn epoxy bonded to
the thermocooler. The lens, isolator and the locker components
are mounted on to the same top plate. The temperature sensor is
a 10-k thermistor, epoxy bonded onto the carrier in close prox-
imity to the laser chip. The package is filled with low thermal
conductivity gas to reduce heat conduction from the package
walls, and is mounted onto a heatsink. The laser is controlled
by compact electronics, with dedicated firmware to allow rapid
tuning between calibrated laser channels. The response time of
the wavelength locker is matched to the time constant of the
SOA drive circuitry for optimized wavelength locking.
A switching time of less than 6 ms has been achieved to
switch between stable wavelength locked channels, with output
shuttered to less than 30 dBm during the switching event. The
switching time of 6 ms is largely taken up by the control elec-
tronics of the wavelength locker [8], and hence is readily ca-
pable of further reduction, possibly to microsecond time scales
as shown in [9].
The paper is structured as follows. Section II illustrates the in-
termediate modes generated during channel switching and the
need to shutter the output. Section III shows the implications
of using the SOA as an optical shutter. Thermal model results
are also presented with calculated frequency deviations for dif-
ferent SOA drive conditions, which agree well with the mea-
surements. Section IV describes channel to channel switching
using the SOA as a shutter, showing thermal frequency devia-
tion and the thermal settling time of the laser and package. Sec-
tion V presents the experimental results where the wavelength
locker is being used to avoid the frequency deviation due to the
thermal load of the SOA.
II. CHANNEL SWITCHING WITHOUT SHUTTERING
Fig. 2 shows a wavelength tuning map which is a useful
graphical representation of the operating response of the
DS-DBR laser for different front and rear grating settings, with
a fixed phase current (0 mA in this case). The basic principle
of operation of the device is that when current is injected into a
pair of adjacent front contacts, an enhancement peak is formed
in the broad front grating reflector. This allows us to select and
access a sub-band (typically 7 nm) of the whole tuning range.
As we step from one front contact pair to the next, we can build
up a complete tuning map of the device, part of which is shown
in Fig. 2. The vertical lines in the figure denote the switching
boundary between front grating pairs. The current injected into
Fig. 2. Channel positions in the tuning map. CHX to CHY: intra-supermode
channel switch.; CHX to CHZ: inter-supermode channel switch [FG: front
grating].
the first contact of each pair is fixed at 5 mA and the current
in the second contact is ramped from 0 to 5 mA in a nonlinear
fashion so that smaller steps are taken at low currents where
the induced refractive index changes more rapidly with current.
Similarly, the rear current is ramped from 0–60 mA using a
nonlinear point distribution. These nonlinear axes, matched to
the tuning curve, produce a linearized map (Fig. 2) at fixed
phase current which is both a useful visual representation of
the device tuning function and allows easy selection of optimal
trajectories for calibrating ITU grid points. Different switching
events in a DS-DBR laser can be envisaged. Either switching
between channels with the same front grating pair, or switching
between channels from different front grating pairs and with
different rear currents are possible.
Depending on the sequence in which the tuning currents
are changed, different intermediate modes will be excited
when switched from one channel to the other. Fig. 3 shows the
intermediate modes that are excited for these two particular
switching events. The spectra are recorded on the optical spec-
trum analyzer (OSA) in peak-hold detection mode, and the laser
is switched from the initial channel to the final channel many
times until all the possible intermediate modes are recorded.
The output was shuttered when the laser was switched the other
way round (CHY to CHX or CHZ to CHX).
In Fig. 3(a), the intermediate modes are excited by sweeping
the rear current from 10.6 to 20 mA across the front reflection
peak formed when CHX is selected and then the same front re-
flector peak is slightly tuned toward shorter wavelength (Fig. 2).
However, in Fig. 3(b), CHX uses the front contacts 4 and 5,
while CHZ uses the front contacts 6 and 7 (Fig. 1). Hence the ini-
tial intermediate modes will be those excited when the 4th rear
peak [inset in Fig. 3(a)] is swept across the front reflection peak
formed by injecting current into contacts 4 and 5. This event is
followed by a switch between adjacent front pairs during which
there will be an instant where no peak is formed in the front
grating reflection and hence the laser will oscillate at an arbitrary
wavelength favored by the gain spectrum ( 1534 nm). Once the
front grating reflection peak corresponding to CHZ is formed,
the laser will operate at the wavelength corresponding to CHZ
[Fig. 3(b)]. Fig. 3 clearly shows the intermediate wavelengths
generated during both the channel switch.
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Fig. 3. Intermediate states observed on the OSA on peak hold whilst repeated
switching between two operating points. (a) Operating points within same
supermode. (b) Operating points in supermode 4 and supermode 6.
In other work, nanosecond switching times have been demon-
strated, where switching is carried out periodically at ns s time
scales [1] to avoid the thermal effects that happen in the s/ms
time scale. Fig. 4 shows the typical wavelength deviations that
we see in a DS-DBR laser after the laser is switched onto the final
channel. Although the time constants of the current controller are
in the sub ms time scale, Fig. 4(a) shows that it takes almost 1 s
for the lasing wavelength to settle at the ITU wavelength. The fre-
quencydeviationisdependentonthedifferenceinthetotalcurrent
of the initial and the final channel and it either red shifts or blue
shifts depending on whether the switching is from low current
channel to high current channel or vice versa [Fig. 4(b)].
The maximum frequency error during the settling period after
a switching event is only 2.5 GHz (0.02 nm). This is due to
its low tuning currents and hence, relatively small change in
the heat load during channel switching. The frequency settling
time without any closed-loop wavelength control is minimized
by optimising the proportional-integral-differential (PID) con-
stants of the temperature controller, and the frequency deviation
is also dependent on the thermal environment of the laser.
III. SOA AS A SHUTTER
This section describes the performance of the monolithically
integrated SOA as an optical shutter. Fig. 5 shows a typical at-
tenuation that can be achieved by changing the bias condition of
the SOA section. In this way, the SOA can be reverse biased to
blank the output during channel switching, while the laser is on
and stable. This blocks any spurious output due to mode-hop-
ping that may otherwise affect the WDM system.
Fig. 4. (a) Typical transient thermal frequency deviation when switching
between channels of different power dissipations. (b) Maximum thermal
frequency deviation when switching between channels of different total
injected current (I).
Fig. 5. Attenuation achieved for different SOA biased conditions.
The attenuation is dependent on the alignment of the op-
erating wavelength with respect to the absorption peak of the
SOA. Long wavelengths further from the absorption edge will
be less attenuated compared to the wavelengths nearer the ab-
sorption edge. However, a reverse bias of 2 V is sufficient to
achieve 40 dB attenuation across the tuning band.
It is desirable that there is minimal interaction between the
SOA and the lasing cavity, so that varying the bias condition
of the SOA does not impair the overall laser performance. As
there is sufficient power from the DS-DBR laser cavity itself,
the SOA section, operating in saturation mode, is required to
boost the power by only 3–4 dB [5], [6]. This low gain mono-
lithically integrated amplifier design and the angled front facet
with reflection coefficient less than 5 10 , along with a good
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Fig. 6. Static wavelength drift with SOA voltage.
electrical isolation from the lasing cavity leads to negligible op-
tical and electrical cross-talk between the SOA and the laser sec-
tion. The laser remains to operate with greater than 40 dB SMSR
across the full tuning band for different SOA bias conditions,
with relative intensity noise (RIN) less than 150 dB/Hz and
Lorentzian component of the linewidth [10] less than 1 MHz [5].
The far-field patterns also remain the same at different SOA bi-
asing conditions, showing no evidence of beam-steering during
the blanking operation.
There is a wavelength deviation associated with change in the
SOA drive condition. Fig. 6 shows that there is a blue shift as
the SOA voltage (or current) is reduced in the region above the
diode built-in potential. However, below this critical voltage, the
wavelength begins to red shift, due to generated photocurrent
which increases up to 30 mA at 2 V reverse bias. The wave-
length is measured only down to 0.5 V below which the output
power drops below the detection sensitivity of the wavelength
meter. Fig. 6 confirms that the shape of this static wavelength
shift with SOA drive voltage generally matches the thermal load
created by the SOA section, and the frequency shift is only
6 GHz with no mode hop when SOA voltage is taken from
0.8 V (0 mA) to 1.4 V (150 mA: nominal drive current).
The thermal origin of the frequency shift is confirmed by
a finite element thermal model (ANSYS), where the modeled
temperature distributions along the cavity for different SOA
drive conditions are shown in Fig. 7. It can be seen from
this result that a significant perturbation in the temperature
profile due to different SOA drive conditions is observed only
in the front grating section, implying that the SOA couples
thermally more strongly to the front gratings than the rest of
the chip. As the SOA is external to the laser cavity and the
front grating is part of the laser cavity, the frequency deviation
that is seen is mainly from the effective cavity mode shift
due to the temperature rise in the front grating.
Fig. 8(a) shows the associated frequency shift in the cavity
modes due to this temperature rise in the laser cavity. This
is calculated using the measured temperature coefficient of
11.5 GHz/ C which was obtained by manually varying the
laser temperature by 1 C when the laser was operating at
the center of a mode. These extracted frequency deviations
from the modeled temperature rise of the laser cavity agrees
well with the measured frequency deviations for different SOA
drive conditions. Further, a simple calculation has been done
Fig. 7. Modeled temperature profile along the chip for different SOA drive
conditions.
Fig. 8. (a) Fitted, measured and modeled frequency deviation with SOA
current. (b) Modeled and extracted thermal coupling coefficient between the
SOA and the front grating pairs.
by estimating the optical power generated by the SOA from the
output power of the laser for different SOA drive conditions.
For the purposes of this simple calculation, an SOA gain of 3
dB is assumed. The difference between the IV product of the
SOA section and the optical power generated by the SOA gives
the generated thermal load by the SOA section. This calculated
thermal load can be converted to a frequency deviation and
fitted to the measured frequency deviation by again using a
temperature co-efficient of 11.5 GHz C. The result of this
simple fit is also shown in Fig. 8(a). The thermal coupling
coefficient between the SOA and the laser sections can then
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Fig. 9. Experimental setup used to measure dynamic frequency deviations and power.
be extracted from this fitting and is shown in Fig. 8(b). As
the fitting generally agrees well with the measured frequency
deviation, it can be concluded that the frequency deviation
is dominated by thermal effects rather than any electrical
cross-talk between the SOA and the laser section.
The extracted thermal coupling from the SOA to the laser
section varies from 2 C/W to 3 C/W, depending on the pair
of contacts that are in use (1–2 is the nearest pair, and pair 7–8
is furthest away from the SOA section).
Fig. 9 shows the experimental setup used to measure the dy-
namic wavelength deviation and power when SOA drive con-
ditions are changed. The laser output is fed into an external
50-GHz wavelength locker (time constant s) via a variable
attenuator. The signals from the etalon and the monitor diodes
are fed into a fast digital oscilloscope, and the signal ratio of
PD2/PD1, and the signal PD1 are calibrated to give the instan-
taneous frequency and power respectively.
The control electronics for the laser module incorporate a
temperature controller to maintain the laser carrier at 25 C,
multiple current sources to drive the gain and tuning sections
of the laser, a negative voltage driver to blank the SOA and a
wavelength control circuit. The wavelength control circuit uses
the laser’s internal locker to provide an error signal which is then
used to adjust the laser phase tuning current to maintain output
wavelength. This circuitry is controlled by an 8-bit microcon-
troller with dedicated firmware to allow rapid tuning between
calibrated laser channels.
Fig. 10 shows a typical frequency and power variation with
time when the SOA drive current is switched on and off between
0 and 150 mA. For this particular chip/package design without
the locker components, there is 5 GHz transient deviation and
3 GHz static deviation. Inclusion of wavelength locker com-
ponents into the package almost doubled the static frequency
deviation due to the increase in the thermal mass. It is important
however to note that the power changes very fast in relation to
the frequency settling time. This implies that the switch off is
less problematic compared to switch on as the frequency devi-
ation is in the low power region, where the allowed frequency
error margin in a real system is expected to be larger (typically
10 GHz in a 10 Gbit/s system).
Thermal frequency deviations for different chip variants have
also been considered with gaps of different lengths between
the SOA and the laser cavity. Fig. 11 shows that the frequency
deviation decreases only by 50% when the gap is increased
Fig. 10. Thermal frequency deviations seen when SOA is switched (a) on (0
to 150 mA) and (b) off (150 to 0 mA).
by 200%, making it impractical in terms of chip length to
completely nullify this thermal effect. Hence the final chip de-
sign was chosen to have a 120- m gap, with the associated
static thermal frequency deviation of 6–7 GHz, which is small
enough to be compensated for by phase section tuning. Fig. 11
also shows the frequency stability over a much longer time scale
than Fig. 10(a).
IV. CHANNEL-TO-CHANNEL SWITCHING WITH SOA AS A
SHUTTER DURING THE SWITCHING EVENT
This section describes a complete channel to channel
switching event during which the SOA is used as a shutter.
During a switching event, when the laser is operating at the
start channel, the SOA is biased to 2 V to shutter the output.
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Fig. 11. Comparison of the thermal frequency deviation of two chip variants
with different gaps between the laser and the SOA sections.
Fig. 12. Signal from the external locker photodiodes as a function of time. (a)
Shuttering the initial channel. (b) Turning on the next channel.
Then the laser is tuned to the other channel, and the SOA is
taken back to full power in a single step. Fig. 12(a) and (b)
shows the etalon and the monitor voltages of the measurement
system (Fig. 9) during switch off and switch on of the initial
and final channels, respectively. In order to capture each event
in detail, different power regions are measured with different
time resolutions and oscilloscope gains. This is because the
dynamic range of the oscilloscope is insufficient to capture the
data in a single sweep.
The same data in Fig. 12 is converted to see the frequency
deviation as the power is ramped down and up, and is shown
in Fig. 13 with time marked appropriately. The worst case
frequency deviation is less than 5 GHz during the switch-off
Fig. 13. Frequency deviation with power during channel switching with
wavelength locker disabled (solid line). (a) Switch off (dotted: frequency
deviation measured when SOA is ramped-down slowly). (b) Switch on.
(Fig. 13(a): solid line) and switch-on (Fig. 13(b)) operations.
As different oscilloscope gains and time resolutions, down
to the nanosecond scale, are used at different power levels,
different levels of noise are seen in the different power ranges.
As was described in Fig. 10, taking the SOA from 150 mA
to 2 V does not cause a problem as the power drops almost
instantaneously and all the frequency deviation ( 5 GHz)
that is seen is in the lower power region [Fig. 13(a)]) where a
much larger frequency deviation can be tolerated by the WDM
system. Deviation from the ideal thermal locus in Fig. 13(a)
(dotted) is caused by transients induced in the tuning section
current supplies due to nonideal de-coupling between the SOA
and the tuning current sources in the control electronics. It
occurs only when the SOA current is changed in a single step
and disappears when SOA current is ramped down more slowly.
However, during turn-on [Fig. 13(b)], the power changes more
rapidly than the frequency settling time and hence the full
thermal frequency deviation occurs when the laser is at the
rated power level, leading to a much greater risk of failing the
2.5-GHz error margin criterion. Again, it takes about 1 s for
the laser to finally settle at the calibrated ITU frequency due to
the thermal settling time [Fig. 12(b)].
These results show that the laser without the wavelength
locker is close to compliance with the system requirement, with
frequency deviation of only 5 GHz during the switching event.
Section V shows how the locker is being included within the
switching loop to give the final adjustment to pull the frequency
during turn-on.
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Fig. 14. Signal from the external locker photodiodes as a function of time.
V. CHANNEL SWITCHING WITH LOCKER ENABLED
As in Fig. 13(a), the frequency deviation during switch-off is
within the error margin specification, and hence the wavelength
locker control is more critical during switch-on [Fig. 13(b)].
Optimization is necessary between the SOA current ramp up
time and the locker speed (0.2 ms) such that the wavelength is
actively controlled as the SOA current is increased. A typical
control sequence is shown in Fig. 14 where the SOA current is
dropped to 0 mA at ms in a single step, taking 0.4 ms for
the current to decay, following which the SOA is reverse biased
to 2 V to achieve an extinction of 40 dB. At ms, the
laser is tuned to another channel and the locker is re-configured,
taking 3.6 ms. The SOA current is ramped up at ms to
give 3 dBm power level at which point the front facet wave-
length locker is enabled ms . Finally the SOA current
is ramped up while the locker is active, to 150 mA, to achieve the
13-dBm power level. Of the total switching time of 6 ms, most
is taken for the re-configuration of the locker setting. By using
faster locker electronics it should be possible to reduce this re-
configuration and ramp-up time, taking the switching time into
the microsecond time scale [9].
The data in Fig. 14 is converted to see the frequency de-
viation at different power levels when the SOA is ramped
down and up, with the locker enabled in this case (Fig. 15).
The worst case frequency deviation is seen during a switching
event, when switching from the lowest to the highest power
dissipation channel. Although the wavelength locker is enabled
during power down, its response time is slower than the current
decay time and hence its effect on wavelength is not evident,
leading to frequency deviation of 5 GHz [Fig. 15(a)]. During
power-up, the SOA current is ramped up in accordance with the
locker response time of 0.2 ms, so that the frequency is pulled
in by the locker as the power is increased [Fig. 15(b)], giving
enough margin within the top 3 dB of the rated power level. The
maximum frequency deviation during switch on is 4 GHz.
Fig. 16 shows frequency-power loci obtained from various
switching events. Switching is shown between channel pairs of
maximum and minimum power dissipation difference as well
as maximum and minimum frequency differences across the
tuning band. To reduce the measurement noise, polynomial fits
to the raw data have been plotted. The frequency deviations
have no correlation with the channel frequency; however, they
fall into different groups depending on the power dissipation of
Fig. 15. Dynamic frequency deviation during a switching event with the locker
enabled. (a) Switch off. (b) Switch on.
Fig. 16. Frequency deviations during several different switching events. (a)
Switch off. (b) Switch on.
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the original and the final channel. During switch off, larger fre-
quency deviations are observed for the lower power dissipation
start channels as the ratio of SOA current to total tuning currents
is higher. The behavior during switch on is less clear since the
power dissipation of the start channel also has an effect on fre-
quency deviation. The switching times remained the same for
all, controlled by the electronics, and the maximum overall fre-
quency deviation remains 5 GHz.
VI. CONCLUSION
Switching between stable, wavelength-locked channels in a
DS-DBR laser module has been demonstrated, using the inte-
grated SOA to shutter the output power from 13 dBm to below
30 dBm while the wavelength is changed. The frequency devi-
ation and output power are both dynamically controlled within
realistic telecom limits, and a maximum frequency deviation
of 5 GHz during either a power switch off or power switch on
event was observed. Switching time of less than 6 ms have been
observed, most of which is taken by the electronics to re-con-
figure the locker settings, and hence is capable of further reduc-
tion into the microsecond timescales. We have also presented a
detailed series of measurements which support the hypothesis
that the frequency deviation during switching is predominately
a thermal effect rather than a current crosstalk effect.
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